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Abstract
Peridotites and related gabbroic rocks are widely exposed in the Central Indian Ridge,
where the H2-rich-fluid-bearing Kairei hydrothermal field exists. We report on petrological
and mineralogical characteristics of peridotites and gabbroic rocks recovered from an
oceanic core complex at a latitude of 25 South (25S OCC) and the Yokoniwa Rise
around the Kairei hydrothermal field. Gabbros recovered from the 25S OCC show a wide
range of variations in terms of mineral chemistry and mineral assemblages (olivine-gabbro,
gabbronorite to highly evolved oxide gabbro) and are similar to those from the Atlantis
Bank of the Southwest Indian Ridge, an ultraslow-spreading ocean ridge. Peridotites
recovered from 25S OCC and the Yokoniwa Rise are generally characterized by moder-
ately to highly depleted melt components. The partial melting of these peridotites is
followed by chemical modification through interaction with a wide range of melts from
relatively less evolved to highly evolved characteristics. Moderately to highly depleted
melt components in the studied peridotites can be explained as being either residue after a
relatively high-melt productivity period in intermediate-spreading ridges or a geochemi-
cally distinctive domain which has suffered from partial melting in the past rather than
partial melting beneath the present mid-ocean ridge systems.
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14.1 Introduction
It is crucial to understand the generalities and the differences
in ocean floor formations as a function of the spreading rate
along the mid-ocean ridges within the context of plate
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tectonics. The southern end of the Central Indian Ridge
(CIR) is characterized by an intermediate-spreading mid-
ocean ridge (5 cm/year, full spreading rate) that is different
from the Atlantic (slow-spreading) and the Pacific (fast-
spreading) ocean ridges. It is, therefore, the southern end
of the CIR which will provide us with unique opportunities
to study the magmatic and tectonic evolution along an inter-
mediate mid-ocean ridge. One of the difficulties in regard to
addressing these questions at oceanic spreading ridges is the
paucity of in-situ samples from the seafloor.
Because of the discovery of a H2-rich-fluid-bearing hydro-
thermal field (Kairei hydrothermal field) (Hashimoto et al.
2001) coupled with its unique hydrothermal fluid chemistry
and vent-endemic ecosystem (Gamo et al. 2001; Van Dover
et al. 2001; Van Dover 2002; Takai et al. 2004; Gallant and
VonDamm 2006; Kumagai et al. 2008) in the southern end of
the CIR, three submersible expeditions of the SHINKAI
6500 and one dredge expedition of the Hakuho-maru were
conducted around the Kairei hydrothermal field (Fig. 14.1).
This study presents systematic data concerning the mineral
compositions of the primary features of peridotites, now
highly serpentinized/weathered, and related gabbroic rocks
recovered from areas around the Kairei-hydrothermal field.
14.2 Geological Background of the Studied
Area
The rate of spreading in the Central Indian Ridge (CIR)
increases from slow-spreading of 30 mm/year near the equa-
tor to intermediate-spreading with 48 mm/year at the
Rodriguez Triple Junction (DeMets et al. 2010). The studied
area is the southernmost CIR near the Rodriguez triple
junction where three mid-ocean ridges (CIR, Southwestern
Indian Ridge, Southeastern Indian Ridge) are intersected. A
well-developed axial valley, segmented by fracture zones
and non-transform discontinuities are identified in the south-
ern part of the CIR. The ridge segments were identified from
south to north, CIR-S1 and CIR-S2, respectively (Briais
1995). The ridge axis of CIR-1 is characterized as 7 km
wide at the segment center with the widening to 12–15 km
toward segment ends. The axial valley depth ranges from
3,600 to 4,400 m. The ridge axis shows typical slow-
spreading ridge morphology, whereas off-axis morphology
is rather chaotic. An oceanic core complex, 20  10 km in
size and 1,000 m higher than the adjacent seafloor, is located
off-axis on the western flank of the CIR at a latitude of 25
South (25S OCC hereafter), between CIR-S1 and CIR-S2
(Mitchell et al. 1998; Kumagai et al. 2008; Morishita et al.
2009; Sato et al. 2009). The Kairei hydrothermal field is
located on the eastern axial valley wall of CIR-S1
(Fig. 14.1). The Uraniwa Hills, where gabbros and dunites
were mainly recovered from the top of the hill, is located off-
axis, about 2 km to the east of the Kairei hydrothermal field
(Nakamura et al. 2009). Petrogenesis of dunite-troctolite
from the Uraniwa Hills will be shown in a separate paper.
Serpentinized peridotites were already sampled at a small
hill (Green Rock Hill and called as GRH hereafter), 15 km
south of the 25S OCC (Hellebrand et al. 2002) (Green Rock
Hill in Fig. 14.1). Tectonic development of the studied area
has been studied by several authors, but there is no clear
picture yet (Briais 1995; Honsho et al. 1996; Mendel et al.
2000; Sato et al. 2009). Here we summarize petrological and
mineralogical characteristics of peridotites and related
gabbros from the 25S OCC and the Kairei hydrothermal
field (Yokoniwa Rise hereafter).
14.3 Petrology
Gabbros from the 25S OCC are olivine gabbro, gabbro,
gabbronorite (granular orthopyroxene-bearing gabbro) and
oxide gabbro. The grain sizes of gabbros vary from doleritic
fine-grained to coarse-grained rocks (Figs. 14.2 and 14.3).
Most of the samples are mainly composed of plagioclase,
clinopyroxene and amphibole. Accessory phases are olivine,
magnetite, ilmenite, sulfides and apatite. Clinopyroxene usu-
ally occurs as a coarse grain (Fig. 14.3a), the interstitial
phase interlocking with plagioclase (Fig. 14.3b) and some-
times forming oikocrysts. Orthopyroxene also occurs
as a granular grain and is sometimes associated with
clinopyroxene, forming a two-pyroxene aggregate
(Fig. 14.3d). Olivine tends to occur in fine-grained samples
or fine-grained parts of each sample showing variations in
grain size within each sample (Fig. 14.4c). Brown and green
amphiboles occur heterogeneously in most samples. Brown
amphiboles are often gradually changed to green
amphiboles, and probably have both igneous and metamor-
phic origins. Oxide minerals are frequently observed in some
samples (Fig. 14.3c). The gabbros have magmatic textures,
usually with no or very minor plastic deformation except for
very localized millimeter-scale altered zones where green
amphibole (tremolitic / actinolitic) and/or chlorite were
formed. Chlorite veins and albite veins are also found in
the altered zone. Olivine-bearing fine-grained doleritic gab-
bro cuts gabbronorite with inverted pigeonite (Fig. 14.4c).
No troctolitic rocks were found in the 25S OCC, whereas
many troctolitic rocks were recovered from the Uraniwa
Hills in the east of the Kairei hydrothermal field (Nakamura
et al. 2009). One gabbro (919R09) is cut by a quartz-bearing
leucocratic granitic network showing granophyric inter-
growth of quartz and feldspar (Fig. 14.2). Amphiboles,
both brown-colored and green-colored, are observed at the
boundary between the granitic rock and the gabbro. Highly
evolved silica-rich granitic rock was also reported from the
25S OCC (Nakamura et al. 2007).
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Peridotites sampled from the 25S OCC are classified into
two types: a granular peridotite (clinopyroxene-bearing
harzburgite) recovered along the ridge-facing slope and a
highly deformed type of rock recovered from the top surface
of the 25S OCC. The latter was formed by interaction
between peridotite/gabbro rocks with hydrothermal fluids
along the detachment fault (Morishita et al. 2009). Highly
deformed samples as found in the 25S OCC have never
been recovered from the Yokoniwa Rise. Petrological
characteristics of granular peridotites (clinopyroxene-bearing
Fig. 14.1 The sample localities
of peridotites and related gabbros
on bathymetry map around the
south end of the Central Indian
Ridge (CIR). The broken lines
represent the estimated non-
transform offsets (Okino et al.
Chap. 11). The peridotite samples
were recovered by the SHINKAI
6500 dives (star) and the R/V
Hakuho-Maru dredges (circle).
The red-filed star on the Hakuho
Knoll is the locality of the Kairei
Hydrothermal Field. The Uraniwa
Hills (Kumagai et al. 2008),
where troctolites and dunites
were recovered, is also shown.
The peridotite samples from the
Green Rock Hill were reported by
Hellebrand et al. (2002). RTJ
Rodriguez Triple Junction
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harzburgite to lherzolite) are basically the same between the
25S OCC and the Yokoniwa Rise. Here we, therefore, briefly
describe the petrological characteristics of granular peridotites
from the 25S OCC and the Yokoniwa Rise. Less deformed,
granular to weakly deformed peridotites are extensively
serpentinized and weathered, >90 % replacement of the pri-
mary minerals. Serpentinization and weathering result in
variations in the color of samples, such as black, greenish
and oranges-like to the naked eye (Fig. 14.5). A part of some
samples show white in color, where talc is frequently
observed. Bastite textures with relics of orthopyroxene in the
core are frequently found in samples. The cores of the
orthopyroxene grains frequently contain exsolution lamellae
of clinopyroxene. Several samples in both the 25S OCC and
the Yokoniwa Rise were intruded by leucocratic veins
(Fig. 14.5), up to 10 mm in thickness, mainly composed of
Fig. 14.2 Representative gabbro samples recovered from the 25S
OCC. (a) Fine-grained olivine gabbro (919R01). (b) Coarse-grained
gabbronorite (919R03). (c) Coarse-grained gabbronorite (920R01). (d)
Heterogeneity in grain size showing amphibole-rich domain and gab-
broic domain (919R05). (e) Quartz-bearing granitic network in gabbro
(919R09) and its sketch (f). Pl plagioclase, Px pyroxene
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chlorite and tremolite/actinolite with a small amount of ilmen-
ite, zircon and apatite. The area near the thick leucocratic vein
tends to be less serpentinized. Plagioclase, now completely
altered, was observed in several samples (Fig. 14.5d). Spinel
grains without altered plagioclase as well as altered plagio-




Major element compositions of minerals were analyzed
by electron probe microanalysis (EPMA) with a JEOL
JXA-8800 Superprobe system at Kanazawa University.
The analyses were performed using an accelerating
voltage of 15 kV and beam current of 20 nA, using a
3 μm diameter beam. Natural and synthetic mineral
standards were employed for all minerals. JEOL software
using ZAF corrections was employed (Morishita et al.
2003). We were generally attempting to obtain average
compositions for the thin section. However, if the sample
showed heterogeneity within each grain and/or each sam-
ple, single spot analyses were used as representative ana-
lytical data. The mineral chemistry of peridotites
recovered from the 25S OCC had already been described
in a previous paper (Morishita et al. 2009). The mineral
chemistry of peridotites recovered from the Yokoniwa
Rise is similar to that from the 25S OCC. Representative
major element compositions of minerals of gabbroic rocks
from the 25S OCC and peridotites from the Yokoniwa
Rise are shown in Tables 14.1, 14.2, 14.3, 14.4, 14.5,
14.6, 14.7, 14.8, and 14.9.
Fig. 14.3 Photomicroscope of gabbro samples recovered from the
25S OCC. (a) Granular clinopyroxene (919R09) (Cross-polarized
light). (b) Interstitial clinopyroxene (919R03) (Cross-polarized light),
(c) Oxide-rich gabbro (919R12) (Plane-polarized light), (d) Granular
orthopyroxene associated with clinopyroxene (920R01) (Cross-
polarized light). Pl plagioclase, Cpx clinopyroxene,Opx orthopyroxene
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14.4.2 Gabbros from the 25S OCC
Mineral compositions in samples with variable grain sizes
show different chemical compositions in each domain. The
fine-grained part, which usually contains olivine, is higher in
Mg# (¼ Mg/(Mg + Fetotal) atomic ratio) than the coarse-
grained part within the sample as shown below. We, there-
fore, analyzed mineral compositions in each domain and
describe them as different samples.
Olivine was found in three samples. The forsterite content
of olivine is homogeneous within each sample and is 54, 58
and 77, respectively (Table 14.1).
The TiO2 content of clinopyroxene is first increased with
the decreasing of Mg# until around 75 (Fig. 14.6a), as
expected for the melt during crystallization of olivine, pla-
gioclase and pyroxenes. The TiO2 content is then decreased
(Fig. 14.6a), probably caused by the crystallization of Ti-
bearing oxides, such as ilmenite and titanomagnetite
(Table 14.2).
Plagioclase mostly shows normal zoning from the Ca-
rich core to the Na-rich rim. The anorthite content of coarse-
grained plagioclase ranges from 37 to 59 in the core,
whereas more Na-rich plagioclase, down to An6, was
found in quartz-bearing granitic veins in gabbro as well as
thin veins (albite vein in table) (Table 14.3). There is a good
correlation between plagioclase compositions and
lithologies, the Ca-rich plagioclase is usually found in
olivine-bearing gabbro whereas the Na-rich plagioclase is
found in oxide gabbro (Fig. 14.6).
The Mg# of orthopyroxene core ranges from 67 to 76,
which is slightly lower than ranges of Mg# of
clinopyroxene. The TiO2 content is usually lower than
0.5 wt.%. The Cr2O3 content is low <0.1 wt.% and is
usually lower than the detection limit when the Mg# is
lower than 70 (Table 14.4).
Brown amphiboles are titaniferous pargastic hornblend
(1–4 wt.% TiO2) (Table 14.5).
14.4.3 Peridotites from the Yokoniwa Rise
Olivine compositions are homogeneous in each sample. The
forsterite content and the NiO content are within narrow
compositional ranges with 90.8–91.3 and 0.35–0.39 wt.%,
respectively (Table 14.6).
The Mg# of orthopyroxene is around 91. The Al2O3
content ranges from 2.5 to up to 4 wt.%. The TiO2 content
is lower than detection limit of analyses (<0.06 wt.%)
(Table 14.7).
Fig. 14.4 Photomicroscope of heterogeneous gabbro (919R02). (a)
Contact between fine-grained and coarse-grained parts (Cross-
polarized light). (b) Fine-grained olivine gabbroic part (Plane-polarized
light). (c) Coarse-grained part with inverted pegionite (Cross-polarized
light).
182 T. Morishita et al.
Clinopyroxene in the samples with leucocratic veins are
distinctively higher in Na2O (0.3–0.5 wt.%) and TiO2
(0.5–1.3 wt.%) content than those in vein-free samples,
usually <0.1 wt.% for both elements (Fig. 14.7).
Chemical compositions of spinels is homogeneous in
samples without leucocratic veins, whereas spinels in
samples with leucocratic veins show variations within and
among grains (Table 14.9). The Cr# and the TiO2 content of
most samples are around 0.35 and <0.1 wt.%, respectively,
which are similar to the leucocratic vein-free sample in the
25S OCC (Fig. 14.8). Both the Cr# and the TiO2 content of
spinels are high in the leucocratic vein-bearing samples and
tend to be increased toward the leucocratic veins (Fig. 14.8).
YFe3+ (¼ 100Fe3+/(Cr + Al + Fe3+) atomic ratio) is usually
lower than 5 for homogeneous samples, and is relatively
higher in high-Ti grains, up to 9 (Table 14.9).
Fig. 14.5 Representative peridotite samples recovered from the
Yokoniwa Rise. (a) Green-colored (1170R21) (upper panel), (b)
brown-colored (middle panel) (1170R25) and (c) black-colored with
thin leucocratic vein (indicated by arrow) (bottom panel) (1176R03).
(d) Spinel trails cut by leucocratic vein (Gb-vein). Note that spinels are
surrounded by plagioclase pseudomorph (indicated by arrows). Px
pyroxene, Spl spinel
Table 14.1 Representative major element compositions of olivine in gabbroic rocks from the 25S OCC
Sample Section SiO2 FeO MnO MgO CaO NiO Total Fo
919R01 Average 35.30 36.20 0.48 28.43 0.06 <0.1 100.6 58.3
STD (N ¼ 4) 0.20 0.22 0.06 0.17 <0.03 – 0.4 0.2
919R02 Average 35.36 38.53 0.54 25.87 0.07 <0.1 100.5 54.5
STD (N ¼ 2) 0.23 0.03 0.09 0.23 <0.03 – 0.4 0.2
919R05 Average 38.93 21.27 0.32 39.39 0.05 0.14 100.1 76.7
STD (N ¼ 4) 0.15 0.64 0.04 0.46 <0.03 0.04 0.4 0.7
The Cr2O3, TiO2, Al2O3, Na2O and K2O contents are mostly lower than detection limit of analyses, <0.08 wt.%, <0.06 wt.%, <0.02 wt.%,
<0.03 wt.% and <0.03 wt.%, respectively. STD standard deviation, N numbers of analyses, Fo forsterite content
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Table 14.2 Representative major element compositions of clinopyroxene in gabbroic rocks from the 25S OCC
Sample Note SiO2 TiO2 Al2O3 Cr2O3 FeO MnO MgO CaO Na2O K2O Total Mg# Cr#
919R01 Core 50.88 0.91 2.55 0.13 10.82 0.34 14.39 20.43 0.41 <0.03 101.5 70.3 3.3
919R02 (fine) Core 52.27 0.89 2.28 0.14 8.98 0.26 14.20 20.69 0.36 <0.03 100.1 73.8 3.9
919R02 (coarse) Core 51.70 0.74 1.84 0.16 11.29 0.28 13.54 20.14 0.39 <0.03 100.1 68.1 5.4
919R03 Core 53.01 0.91 2.61 <0.08 9.15 0.28 14.40 20.96 0.53 <0.03 101.9 73.7 –
919R04 (fine) Core 53.08 0.62 2.35 <0.08 8.35 0.23 14.81 21.51 0.39 <0.03 101.4 76.0 –
919R04 (coarse) Core 50.88 0.91 2.55 0.13 10.82 0.34 14.39 20.43 0.41 <0.03 100.9 70.3 3.3
919R05 (ol) Core 54.22 0.68 2.20 0.26 5.57 0.18 16.26 21.92 0.51 <0.03 101.8 83.9 7.4
919R05 (px) Core 54.02 0.71 2.17 0.09 6.79 0.19 16.52 20.64 0.32 <0.03 101.5 81.3 2.7
919R05 (amph) Core 53.17 0.91 2.64 0.15 8.39 0.23 14.78 20.67 0.73 <0.03 101.7 75.8 3.6
91R909 Core 51.96 0.83 2.42 <0.08 7.16 0.23 15.69 21.07 0.39 <0.03 99.8 79.6 –
91R909 Rim 52.45 0.24 0.54 <0.08 11.83 0.39 12.54 21.76 0.13 <0.03 99.9 65.4 –
919R12 Core 52.47 0.23 1.62 <0.08 12.94 0.26 12.33 20.85 0.60 0.05 101.4 62.9 –
919R12 Rim 53.17 0.07 0.38 <0.08 12.05 0.37 12.56 22.46 0.34 <0.03 101.4 65.0 –
920R01 Core 51.95 0.79 2.39 0.09 9.68 0.30 14.92 21.23 0.41 <0.03 101.8 73.3 2.3
920R01 Rim 52.38 0.48 1.58 <0.08 11.01 0.29 14.48 20.74 0.32 <0.03 101.3 70.1 –
The NiO content is mostly lower than 0.1 wt.%. Fine fine-grained part, coarse coarse-grained part, ol olivine-bearing part, px olivine-free and
amphibole-poor part, amph amphibole-rich part, Mg# Mg/(Mg + Fetotal) atomic ratio, Cr# Cr/(Cr + Al) atomic ratio
Table 14.3 Representative major element compositions of plagioclase in gabbroic rocks from the 25S OCC
Sample Note SiO2 TiO2 Al2O3 FeO MgO CaO Na2O K2O Total An
919R01 Core 54.60 0.08 29.35 0.37 0.04 11.71 5.34 0.06 101.6 54.8
919R01 Rim 55.41 <0.05 28.60 0.23 0.03 10.74 5.84 0.08 101.0 50.4
919R02 (fine) 56.91 <0.05 27.44 0.20 0.04 9.46 5.79 0.62 100.5 47.5
919R02 (coarse) 59.18 <0.05 25.80 0.47 0.10 7.95 7.34 0.10 101.0 37.4
919R03 Core 56.92 0.10 26.93 0.37 0.10 9.73 6.16 0.08 100.3 46.6
919R04 (fine) Core 55.60 <0.05 28.33 0.28 0.04 11.10 5.69 0.03 101.1 51.9
919R04 (fine) Rim 55.44 <0.05 28.20 0.29 0.04 11.04 5.77 <0.03 100.8 51.4
919R04 (coarse) Core 57.15 0.14 27.40 0.32 0.03 10.01 6.18 0.08 101.2 47.2
919R05 (ol) 54.50 <0.05 28.80 0.13 0.03 12.20 4.81 0.04 100.5 58.3
919R05 (px) Core 54.71 <0.05 29.48 0.14 0.02 12.23 5.01 0.03 101.7 57.4
919R05 (px) Rim 69.59 <0.05 19.82 0.30 <0.02 0.79 11.89 <0.03 102.4 3.5
919R05 (amph) 64.18 <0.05 22.86 0.26 <0.02 4.37 9.65 0.20 101.6 20.0
919R09 Core 53.59 0.05 28.78 0.16 0.02 12.04 4.66 0.07 99.4 58.8
919R09 Rim 52.87 0.05 29.31 0.20 0.05 12.35 4.40 0.08 99.4 60.8
919R09 (granite) 60.86 <0.05 24.00 0.16 0.02 6.08 8.21 0.18 99.5 29.1
919R09 (granite) 67.19 <0.05 20.16 0.00 <0.02 1.25 11.11 0.07 99.9 5.9
919R12 Core 59.27 <0.05 25.69 0.14 <0.02 7.96 7.48 0.16 100.7 37.0
920R01 Core 56.60 <0.05 27.68 0.41 0.04 10.31 5.93 0.03 101.0 49.0
920R01 (ab vein) 66.80 <0.05 21.00 0.00 <0.02 1.62 10.95 0.03 100.5 7.5
920R10 Core 57.29 0.06 26.49 0.11 <0.02 8.85 6.95 0.12 99.9 41.3
921R24 Core 66.77 <0.05 20.68 0.29 <0.02 1.56 11.49 <0.03 100.8 7.0
The Cr2O3, MnO and NiO contents are mostly lower than 0.1 wt.%. Fine fine-grained part, coarse coarse-grained part, ol olivine-bearing part, px
olivine-free and amphibole-poor part, amph amphibole-rich part, granite granitic vein, ab vein albite vein. An anorthite content (100 Ca/(Ca + Na)
s atomic ratio)
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Table 14.4 Representative major element compositions of orthopyroxene in gabbroic rocks from the 25S OCC
Sample Note SiO2 TiO2 Al2O3 Cr2O3 FeO MnO MgO CaO Na2O K2O Total Mg# Cr#
919R01 Core 53.22 0.56 1.31 <0.08 20.16 0.48 23.45 2.15 <0.03 <0.03 101.4 67.5 –
919R02(coarse) Core 53.66 0.49 1.18 <0.08 19.61 0.42 23.10 2.63 0.06 <0.03 101.2 67.7 –
919R04 (fine) Core 54.88 0.36 0.99 <0.08 16.80 0.44 25.91 1.11 <0.03 0.03 100.6 73.3 –
919R04 (coarse) Core 53.66 0.49 1.18 <0.08 19.61 0.42 23.10 2.63 0.06 <0.03 101.2 67.7 –
919R95 (ol) 55.48 0.29 1.13 0.11 13.88 0.34 27.94 1.10 <0.03 <0.03 100.3 78.2 6.3
919R05(amph) 54.87 0.25 0.80 <0.08 20.39 0.51 23.57 1.27 <0.03 <0.03 101.7 67.3 –
919R09 53.99 0.39 1.03 <0.08 15.27 0.29 26.61 1.64 0.03 <0.03 99.3 75.6 –
The NiO content is mostly lower than 0.1 wt.%. Note that the CaO content might be high because of inevitable contaminations from fine-grained
clinopyroxene lamellae. Fine fine-grained part, coarse coarse-grained part, ol olivine-bearing part, px olivine-free and amphibole-poor part, amph
amphibole-rich part, granite granitic vein, ab vein albite vein, Mg# Mg/(Mg+Fetotal) atomic ratio, Cr# Cr/(Cr+Al) atomic ratio
Table 14.5 Representative major element compositions of brown amphibole in gabbroic rocks from the 25S OCC
Sample Note SiO2 TiO2 Al2O3 Cr2O3 FeO MnO MgO CaO Na2O K2O Total Mg# Cr#
919R01 Opq 42.81 2.57 10.50 <0.08 15.08 0.20 12.48 11.13 2.61 0.16 97.6 0.596 –
919R01 Fine 44.51 1.36 9.89 0.12 14.01 0.26 13.80 11.24 2.55 0.12 97.9 0.637 0.823
919R02 (fine) Px 43.96 3.44 10.50 0.61 11.54 0.11 13.62 10.88 2.84 0.13 97.6 0.678 3.739
919R02 (fine) Bleb 43.21 4.03 10.29 <0.08 14.53 0.18 11.30 11.11 2.98 0.23 97.9 0.581 –
919R02 (fine) Core 45.63 1.84 8.17 <0.08 18.56 0.23 10.75 10.73 2.15 0.31 98.4 0.508 –
919R02 (coarse) Core 46.33 1.55 8.61 <0.08 16.25 0.19 12.21 10.74 2.34 0.09 98.4 0.572 –
919R02 (coarse) Bleb 43.64 4.16 11.13 <0.08 11.26 0.12 13.47 11.18 3.35 0.12 98.4 0.681 –
919R03 Bleb 46.76 1.10 9.28 <0.08 11.98 0.16 14.55 11.23 2.33 0.17 97.6 0.684 –
919R05 (amph) Pl 44.71 2.83 10.12 0.15 10.92 0.18 14.45 11.20 3.16 0.14 97.9 0.702 1.003
919R05(amph) Inter 46.41 2.29 8.95 0.54 6.75 0.12 17.38 11.44 2.76 0.17 96.9 0.821 3.892
919R09 Inter 43.46 3.44 11.42 <0.08 8.76 0.08 15.14 11.54 2.89 0.16 97.0 0.755 –
919R09 Px 42.78 3.89 11.11 0.11 8.87 0.19 14.97 11.61 2.87 0.14 96.6 0.750 0.630
919R12 Px 43.72 2.67 9.62 <0.08 17.34 0.32 10.88 10.82 2.83 0.24 98.5 0.528 –
The NiO content is mostly lower than 0.1 wt.%. Fine fine-grained part, coarse coarse-grained part, amph amphibole-rich part, opq around opaque
mineral, px around pyroxene grain, pl around plagioclase, inter interstitial grain, Mg#Mg/(Mg+Fetotal) atomic ratio, Cr# Cr/(Cr+Al) atomic ratio
Table 14.6 Representative major element compositions of olivine in peridotites from the Yokoniwa Rise
Sample Note SiO2 FeO MnO MgO CaO NiO Total Fo
1170R01 Average 40.92 8.55 0.12 50.49 0.04 0.38 100.5 91.3
STD (N ¼ 3) 0.36 0.03 0.01 0.64 <0.03 0.01 0.9 0.1
1170R04 Average 40.75 9.03 0.13 50.33 0.04 0.37 100.6 90.9
STD (N ¼ 6) 0.39 0.07 0.02 0.34 <0.03 0.01 0.7 0.1
1170R09 Average 41.11 9.04 0.13 50.31 <0.03 0.38 101.2 90.8
STD (N ¼ 13) 0.43 0.09 0.02 0.34 <0.03 0.02 0.7 0.1
1170R21 Average 41.37 8.78 0.13 50.63 0.03 0.39 101.4 91.1
STD (N ¼ 7) 0.27 0.06 0.03 0.38 <0.03 0.01 0.6 0.1
1170R25 Average 41.10 8.85 0.12 50.43 0.05 0.37 101.0 91.0
STD (N ¼ 9) 0.17 0.18 0.03 0.42 0.01 0.22 0.7 0.1
1170R27 Average 41.16 8.92 0.13 50.24 <0.03 0.37 100.8 90.9
STD (N ¼ 20) 0.29 0.13 0.01 0.48 <0.03 0.02 0.7 0.1
1170R28 Average 41.25 8.93 0.13 50.28 0.06 0.37 101.1 90.9
STD (N ¼ 11) 0.33 0.20 0.04 0.31 <0.03 0.04 0.6 0.2
1176R15 Average 40.77 8.68 0.13 49.30 <0.03 0.35 99.3 91.0
STD (N ¼ 5) 1.14 0.08 0.02 1.12 <0.03 0.02 2.2 0.2
1176R20 Average 41.25 8.84 0.13 50.38 0.03 0.37 101.0 91.0
STD (N ¼ 28) 0.31 0.14 0.02 0.41 <0.03 0.02 0.7 0.1
DR01-106 Average 41.15 9.07 0.15 50.55 0.03 0.39 101.4 90.9
STD (N ¼ 9) 0.36 0.22 0.02 0.48 <0.03 0.02 0.9 0.2
DR11-003 Average 41.60 9.06 0.12 50.28 0.05 0.36 100.6 90.8
STD (N ¼ 7) 0.57 0.14 0.01 0.53 <0.03 0.02 1.0 0.2
The Cr2O3, TiO2, Al2O3, Na2O and K2O contents are mostly lower than detection limit of analyses, <0.08 wt.%, <0.06 wt.%, <0.02 wt.%,
<0.03 wt.% and <0.03 wt.%, respectively. STD standard deviation, N numbers of analyses, Fo forsterite content
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14.5 Discussions
14.5.1 Petrogenesis of Gabbros from the 25S
OCC
In-situ samplings of the mid-ocean ridge gabbros provide us
with direct insight into their compositions. These data allow
us to compare the results from other ocean floors and to
discuss models of how the lower oceanic crusts form.
The petrological characteristics of the gabbros in the 25S
OCC are similar to those described from the ultraslow-
spreading ocean ridges (Dick et al. 2000), where the mag-
matic activity is low. There are good correlations between
plagioclase and clinopyroxene in the studied samples. This
is consistent with chemical trends caused by crystallization
of plagioclase and clinopyroxene (+olivine) (Fig. 14.6).
Differences in the major-element compositions between
the oceans can be seen in the diagram. Gabbros from the
ultraslow to slow-spreading ocean ridges (MARK area of the
Mid-Atlantic ridge and Atlantis Bank of the Southwest
Indian Ridge) have lower plagioclase anorthite contents for
a given clinopyroxene Mg# than those in gabbros from the
fast-spreading ocean ridge (Hess Deep and/or Pito Deep of
East Pacific) (Perk et al. 2007) (Fig. 14.6). Low-anorthite
content of plagioclase at the same Mg# of clinopyroxene can
be considered as analogues to the parameter Na8 defined by
Klein and Langmuir (1987), which is interpreted to be a
good indicator of the extent of partial melting. Since a
general trend of an increasing extent of partial melting is
moved toward higher Ca, a higher anorthite content of pla-
gioclase is expected to be crystallized from hypothetical
Table 14.7 Representative major element compositions of orthopyroxene in peridotites from the Yokoniwa Rise
Sample Note SiO2 TiO2 Al2O3 Cr2O3 FeO MnO MgO CaO NiO Total Mg# Cr#
1170R04 Core 55.64 <0.05 3.36 0.96 6.00 0.13 33.46 0.89 0.10 100.6 0.909 0.161
1170R09 Core 55.87 <0.05 3.65 0.84 5.97 0.15 33.28 0.95 <0.1 100.8 0.909 0.133
1170R21 56.08 <0.05 3.37 0.87 5.83 0.14 33.46 1.19 <0.1 101.1 0.911 0.148
1170R25 Core 56.38 0.03 3.13 0.81 5.71 0.16 34.02 0.83 <0.1 101.2 0.914 0.148
1170R27 56.20 <0.05 3.00 0.73 5.87 0.06 33.30 1.35 <0.1 100.6 0.910 0.141
1170R28 Core 56.24 <0.05 3.35 0.81 5.72 0.16 32.62 1.14 <0.1 100.2 0.910 0.139
1176R03 56.99 <0.05 2.55 0.78 5.91 0.13 33.79 1.00 <0.1 101.3 0.911 0.171
1176R15 56.14 <0.05 3.41 0.83 5.89 0.14 33.92 0.94 <0.1 101.4 0.911 0.140
DR01-106 Core 54.49 0.06 3.86 0.99 5.84 0.11 32.66 1.35 0.10 99.5 0.909 0.146
DR11-003 55.83 <0.05 3.42 0.79 5.75 0.13 33.05 1.57 0.12 100.7 0.911 0.134
The Na2O and K2O contents are lower than detection limit of analyses,<0.03 wt.%. STD standard deviation, N numbers of analyses,Mg#Mg/(Mg
+Fetotal) atomic ratio, Cr# Cr/(Cr+Al) atomic ratio
Table 14.8 Representative major element compositions of clinopyroxene in peridotites from the Yokoniwa Rise
Sample Note SiO2 TiO2 Al2O3 Cr2O3 FeO MnO MgO CaO Na2O Total Mg# Cr#
1170R01 52.28 0.07 4.48 1.42 2.35 <0.1 16.73 23.53 0.05 101.1 0.927 0.175
1170R04 Average 52.86 0.22 3.03 1.17 2.42 <0.1 17.11 22.95 0.37 100.3 0.927 0.206
STD(N ¼ 15) 0.78 0.07 0.39 0.21 0.10 <0.1 0.40 0.28 0.08 0.8 0.002
Leuco 53.14 0.58 2.20 0.60 2.45 <0.1 17.75 22.53 0.40 99.8 0.928 0.155
STD(N ¼ 3) 0.48 0.03 0.20 0.10 0.07 <0.1 0.15 0.19 0.07 0.9 0.002
1170R09 Average 51.92 0.09 4.55 1.39 2.42 <0.1 16.96 22.82 0.07 100.4 0.926 0.170
STD (N ¼ 3) 0.25 0.01 0.24 0.04 0.16 <0.1 0.48 1.22 0.00 0.4 0.003
1170R25 Core 51.77 0.11 4.37 1.38 2.82 0.14 17.25 22.37 0.04 100.3 0.916 0.175
1170R27 52.57 0.05 3.57 0.97 2.49 <0.1 17.67 22.65 0.05 100.1 0.927 0.153
1170R28 52.25 0.11 4.29 1.22 2.52 0.12 16.56 23.80 0.08 101.0 0.921 0.160
1176R03 53.69 0.14 2.86 1.21 2.55 <0.1 17.19 22.52 0.34 100.6 0.923 0.222
1176R09 52.14 0.09 4.34 1.46 2.60 0.12 17.07 23.02 0.02 100.9 0.921 0.184
1176R15 52.94 0.09 4.50 1.34 2.89 <0.1 17.42 21.92 0.15 101.4 0.915 0.166
1176R20 53.04 0.11 4.01 1.24 2.08 <0.1 16.64 23.85 0.17 101.2 0.935 0.172
DR01-106 52.43 0.08 3.77 0.95 2.53 <0.1 17.47 23.22 0.06 100.7 0.925 0.145
DR01-115 52.45 1.33 2.86 1.12 2.64 <0.1 17.28 22.34 0.50 100.6 0.921 0.208
DR11-003 52.98 0.06 4.07 1.10 2.71 0.10 17.62 22.48 0.03 101.2 0.921 0.153
The K2O and NiO contents are lower than detection limit of analyses, <0.03 and <0.1 wt.%, respectively. STD standard deviation, N numbers of
analyses, Mg# Mg/(Mg+Fetotal) atomic ratio, Cr# Cr/(Cr+Al) atomic ratio
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Table 14.9 Representative major element compositions of spinel in peridotites from the Yokoniwa Rise
Sample Note TiO2 Al2O3 Cr2O3 FeO MnO MgO NiO Total Mg# Cr# YCr YAl YFe
3+
1170R01 Average 0.06 36.35 30.42 16.03 0.19 16.24 0.17 99.5 0.694 0.360 34.5 61.5 3.9
STD (N ¼ 8) 0.01 0.81 0.76 0.54 0.01 0.53 0.02 0.5 0.022 0.011 0.9 1.3 0.6
1170R01 Low-Cr Average1 <0.05 42.18 25.52 16.42 0.21 15.34 0.19 99.9 0.643 0.289 28.4 70.1 1.5
STD (N ¼ 3) 0.64 0.48 1.47 0.04 1.99 0.01 0.8 0.075 0.006 0.1 1.8 1.7
1170R04 High-Ti 0.66 22.69 42.66 22.15 0.32 11.42 0.13 100.0 0.524 0.558 53.1 42.1 4.8
1170R04 0.48 22.01 44.16 21.61 0.31 11.90 0.12 100.6 0.545 0.574 54.5 40.5 5.0
1170R04 0.25 23.25 42.81 22.30 0.32 11.23 <0.1 100.3 0.516 0.553 52.7 42.7 4.6
1170R09 Average <0.05 37.95 29.74 15.33 0.20 16.27 0.17 99.7 0.690 0.345 33.5 63.7 2.8
STD (N ¼ 15) 1.07 0.68 0.59 0.02 0.47 0.02 0.8 0.013 0.011 1.0 1.2 0.4
1170R09 High-Cr Average1 <0.05 24.88 41.22 22.66 0.29 10.80 0.08 99.9 0.498 0.526 50.4 45.4 4.2
STD (N ¼ 2) 0.95 0.79 0.20 0.01 0.09 0.01 0.0 0.002 0.014 1.2 1.5 0.3
1170R21 Average <0.05 35.56 33.51 13.91 0.20 16.82 0.17 100.2 0.715 0.387 37.8 59.8 2.4
STD (N ¼ 3) 0.19 0.18 0.18 0.02 0.12 0.02 0.3 0.003 0.000 0.1 0.1 0.1
1170R23 Average 0.05 36.33 31.78 15.65 0.20 16.28 0.17 100.5 0.690 0.370 35.8 61.0 3.2
STD (N ¼ 21) 0.01 0.74 0.40 0.34 0.02 0.28 0.02 0.9 0.011 0.006 0.5 0.8 0.4
1170R25 Average 0.06 38.25 30.01 14.13 0.18 16.39 0.19 99.2 0.696 0.345 33.9 64.4 1.7
STD (N ¼ 7) 0.04 0.65 0.44 0.35 0.04 0.21 0.05 0.6 0.010 0.010 0.7 0.7 0.3
1170R027 Average 0.05 35.64 31.96 15.75 0.21 15.89 0.15 99.7 0.682 0.376 36.4 60.5 3.0
STD (N ¼ 11) 0.01 0.48 1.10 0.82 0.02 0.48 0.03 0.8 0.016 0.010 1.1 0.8 0.5
1170R028 Average 0.07 37.30 30.70 15.25 0.21 16.45 0.17 100.2 0.696 0.356 34.5 62.6 2.9
STD (N ¼ 4) 0.01 0.65 0.51 0.41 0.02 0.41 0.02 1.4 0.010 0.003 0.4 0.3 0.4
1176R03 High-Ti 0.37 22.14 43.79 19.55 0.27 12.58 0.12 98.9 0.582 0.570 54.4 41.0 4.5
1176R03 0.25 22.38 43.52 19.46 0.29 12.63 0.09 98.6 0.586 0.566 54.0 41.4 4.6
1176R03 0.11 24.50 42.12 18.97 0.32 13.47 0.09 99.6 0.613 0.536 51.0 44.2 4.8
1176R09 Average <0.05 18.18 16.33 8.50 0.12 7.98 0.09 51.2 0.668 0.376 36.3 60.3 3.4
STD (N ¼ 14) 18.52 16.65 8.46 0.10 7.85 0.08 51.5 0.337 0.199 19.3 31.3 1.4
1176R15 High-Ti 1.33 19.35 41.42 24.54 0.33 11.39 0.18 98.6 0.534 0.589 53.5 37.2 9.3
1176R15 0.66 26.41 36.22 20.78 0.25 13.96 0.15 98.4 0.630 0.479 44.1 47.9 8.0
1176R15 0.08 35.26 29.43 17.06 0.22 16.03 0.21 98.3 0.695 0.359 33.9 60.6 5.5
1176R20 Average1 0.05 36.05 30.61 15.19 0.20 16.50 0.16 98.8 0.709 0.363 34.9 61.3 3.7
STD (N ¼ 3) 0.01 0.43 0.26 0.11 0.01 0.09 0.01 0.6 0.002 0.002 0.1 0.3 0.3
1176R22 Average <0.05 18.33 15.84 7.92 0.10 8.15 0.08 50.5 0.688 0.367 35.5 61.3 3.2
STD (N ¼ 5) 17.81 15.19 7.56 0.09 8.21 0.08 49.1 0.353 0.181 17.4 30.5 1.7
DR01-106 Average 0.08 36.25 31.04 14.22 0.18 17.30 0.22 99.3 0.736 0.365 35.1 61.1 3.8
STD (N ¼ 3) 0.01 0.29 0.20 0.20 0.01 0.05 0.04 0.1 0.003 0.003 0.2 0.5 0.4
DR01-106 Low-Cr Average1 <0.05 39.01 29.28 15.18 0.18 16.69 0.18 100.6 0.699 0.335 32.6 64.7 2.8
STD (N ¼ 3) 0.39 0.21 0.45 0.02 0.30 0.02 0.5 0.011 0.004 0.4 0.3 0.2
DR01-103 High-Ti 0.23 27.40 41.52 15.33 0.24 15.25 <0.1 100.1 0.674 0.504 49.0 48.3 2.7
DR01-103 0.17 30.85 38.07 14.70 0.22 16.21 0.12 100.3 0.701 0.453 44.0 53.1 2.9
DR01-103 0.10 33.97 34.85 13.78 0.18 16.97 0.16 100.0 0.725 0.408 39.6 57.6 2.8
DR01-115 High-Ti 0.64 29.64 37.62 16.11 0.25 15.66 0.18 100.1 0.681 0.460 44.3 52.0 3.8
DR01-115 0.54 31.11 35.95 15.93 0.19 15.73 0.19 99.7 0.683 0.437 42.1 54.3 3.6
DR01-115 0.25 22.61 46.54 17.30 0.31 13.75 0.12 100.9 0.621 0.580 56.3 40.7 3.0
DR09-19 Average 0.08 26.87 40.83 17.84 0.24 14.66 0.13 100.7 0.650 0.505 48.1 47.2 4.7
STD (N ¼ 6) 0.02 0.16 0.23 0.32 0.02 0.10 0.01 0.5 0.002 0.002 0.3 0.2 0.4
DR11-003 Average 0.05 38.30 29.51 15.50 0.20 16.47 0.17 100.2 0.694 0.341 33.0 63.9 3.0
STD (N ¼ 6) 0.02 1.21 0.50 0.84 0.02 0.54 0.02 0.6 0.016 0.011 0.9 1.3 0.4
DR11-008 Average 0.06 37.08 30.63 14.53 0.18 17.06 0.19 101.5 0.722 0.357 34.5 62.2 3.4
The SiO2, CaO, Na2O and K2O are lower than detection limit of analyses, <0.03 wt.%. Mg# Mg/(Mg+Fe
2+) atomic ratio (Fe2+ in spinel was
calculated from spinel stoichiometry), Cr# Cr/(Cr+Al) atomic ratio, YCr Cr/(Cr+Al+Fe3+) atomic ratio, YAl Al/(Cr+Al+Fe3+) atomic ratio, YFe3+
Fe3+/(Cr+Al+Fe3+) atomic ratio
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primitive MORB liquids formed at the fast-spreading ridges
than at the slow-spreading ridges. Their Mg#s of mafic
minerals in the 25S OCC are, however, too low to be in
equilibrium with mantle compositions. This has been long
recognized as a “missing primary cumulate” in the slow-
spreading ridges (Dick et al. 2000). On the other hand, oxide
gabbros, rich in both ilmenite and magnetite, and their close
association with oxide-poor gabbros, are common features at
slow-spreading ridges (Dick et al. 2000). Pigeonite-bearing
gabbros were also reported from the upper part of the Hole
735B gabbro of the Southwest Indian Ridge (Ozawa et al.
1991). Since the 25S OCC is located at the segment bound-
ary between CIR-S1 and CIR-S2, fractionated melt
compositions can be explained by lateral intrusion of differ-
entiate melt from focused melt flow at the mid-point of the
ridge segments. In conclusion, the petrological
characteristics of the gabbros in the 25S OCC were formed
while the magmatic activity was low, just as those described
from the ultraslow-spreading ocean ridges (Dick et al. 2000).
14.5.2 Effect of Late Modification Due to
Infiltration of Multiple Melts on
Perdidotites
It is expected that peridotites associated with leucocratic
veins were petrologically and geochemically modified dur-
ing the formation of the leucocratic veins (e.g., Morishita
et al. 2009). Leucocratic veins are observed as networks in
several peridotites from the 25S OCC and Yokoniwa Rise.
Altered plagioclases, now replaced by fine-grained mineral
aggregates (i.e., saussurite), are observed around spinels or
as aggregates locally in some peridotites. Samples around
the leucocratic veins contain altered plagioclase in spite of
the low abundance of clinopyroxenes. Leucocratic vein-
bearing peridotites show heterogeneity in minerals within
single samples, whereas vein-free samples are basically
homogeneous in minerals.
Petrological and geochemical features indicate that















































































Fig. 14.6 Variations in the
major-element compositions of
minerals in gabbros from 25S.
(a) Relationship between the Mg#
and the TiO2 wt.% in
clinopyroxene. (b) Relationship
between the anorthite content in
plagioclase and the Mg# in
clinopyroxene. Tie line between
data indicates the same sample.
Ol olivine-bearing part, Px
olivine-free and amphibole-poor
part, Amph amphibole-rich part.
The compositional ranges of main
cluster of mid-ocean ridge
gabbros (Hess Deep and Pito
Deep, MARK ¼ Kane fracture
zone of the Mid-Atlantic Ridge,
Southwestern Indian Ridge),
compiled by Coogan et al. (2007),
were also shown.
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both in the 25S OCC and the Yokoniwa Rise were of
magmatic origin related to the formation of leucocratic
veins at olivine-plagioclase stability conditions (<0.8 GPa)
rather than the metamorphic origin of the subsolidus reaction
from pyroxenes and spinel during the exhumation of upper
mantle materials from beneath the ocean floor. During the
formation of plagioclase, the alumina in the spinels in the
peridotites was partly consumed to form plagioclase, and
incompatible elements, such as TiO2 and Na2O would be
added to the precursor minerals (e.g., clinopyroxene)
(Figs. 14.7 and 14.8). Clinopyroxenes in the samples with
leucocratic veins are, therefore, distinctively higher in both
Na2O and TiO2 contents (Fig. 14.7) than those in the vein-
free samples. The Cr# and TiO2 contents of the spinels in the
peridotites with leucocratic veins show a wide range of
variation, 0.3–0.6 for Cr# and up to 1.3 wt.% for TiO2
(Fig. 14.8). Low Cr# and TiO2 of the chemical range of
spinels from the Yokoniwa Rise are, on the other hand, the
same as those from the vein-free samples. Spinels far from
the leucocratic vein might, therefore, retain their original
geochemical signatures before they were modified by inter-
action with the melts responsible for the formation of
leucocratic vein (Fig. 14.8).
The melts which infiltrated into the peridotite samples
had different chemical compositions from less evolved to
highly evolved signatures. Although primary plagioclase is
not observed in the leucocratic veins, secondary minerals
such as chlorite and tremolitic/actinolitic amphibole
indicates their original plagioclase-bearing litholoties.
Altered plagioclases coupled with the presence of
clinopyroxene and brown amphibole in the leucocratic
veins suggest their origins from plagioclase-bearing mafic
rocks, i.e., gabbroic rocks. On the other hand, zircons in
some leucocratic veins indicate highly evolved signatures,
such as granitic compositions (Morishita et al. 2009). The
variations in the infiltrated melts are also supported by the
variations in the maximum TiO2 contents in minerals along
the leucocratic veins in peridotites (e.g., 0.4–1.3 wt.% for
spinels with the Cr# around 0.5). During the infiltration of a





















Hellebrand et al. 2002
Clinopyroxene
Fig. 14.7 Compositional relationships between TiO2 wt.% and Na2O
wt.% in clinopyroxene in peridotite samples recovered from the 25S
OCC and Yokoniwa Rise. Tie line between data indicates the same
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Fig. 14.8 Compositional relationships between Cr/(Cr + Al) (atomic
ratio) and TiO2 wt.% in spinels from 25
S OCC (upper panel) (data are
from Morishita et al. (2009)) and Yokoniwa Rise (lower panel)
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depends on the combination of an effective melt/rock ratio,
melt compositions and P-T conditions on reactions. The size
of the leucoratic veins is usually less than 1 cm in thickness.
No systematic variations between the size of the leucocratic
veins and modified mineral compositions are observed in the
studied peridotites. The differences in the TiO2 contents
among those modified minerals are interpreted to be caused
by the differences in melt compositions from less evolved to
highly evolved compositions rather than the differences in
effective melt/rock ratios. The TiO2 content of melts are
generally changed during the fractional crystallization as
shown in the chemical variations of clinopyroxene in the
25S OCC gabbros. Highly evolved gabbroic rocks were
reported from both the slow-spreading ridges (Bloomer
et al. 1989; Me´vel et al. 1991; Cannat et al. 1992; Morishita
et al. 2004) and the fast-spreading ridges (Constantin 1999).
Physical conditions under slow-spreading ridges are
characterized by a highly attenuated magma supply and a
high rock/melt ratio during melt ascending. We favor the
theory that the differences in chemical compositions of the
infiltrated melts in the peridotites were formed as an in-situ
fractionation from a MORB-type melt during the ascent in
the mantle while the magmatic activity was low in the
intermediate-spreading mid-ocean ridges.
14.5.3 The Primary Features of Peridotites:
Implications for the Formation of
Serpentine-Dominated Seafloor
The primary features of peridotites recovered from the stud-
ied area suggest their relatively depleted signatures in melt
components. Leucocratic vein-free samples are basically
homogeneous in mineral chemistry at each sample scale.
The majority of spinel compositions in the Yokoniwa Rise
peridotites is around 0.35 for Cr# and <0.1 wt.% for TiO2
contents (Fig. 14.8). It should be emphasized that one sam-
ple (DR09-19) is distinctively high in Cr# (Fig. 14.8). Low-
TiO2 of mineral compositions in the leucocratic vein-bearing
samples are less affected by the chemical modifications, i.e.,
primary features of peridotite prior to the chemical
modifications from the infiltrated melts. Primary spinel
compositions of 1176R05 and DR01-103 are around 0.35
for Cr#, whereas those of 1170R04 and 1176R03 are likely
to be higher in Cr# than other samples, around 0.5
(Fig. 14.8). Spinels from the 25S OCC peridotites,
leucocratic vein-free and those far from the leucocratic
vein-bearing, are also around 0.35 for Cr# and <0.1 wt. %
for the TiO2 content (Fig. 14.8). The composition of the
Green Rock Hills is similar to that of the studied samples.
The compositional range of these spinels and Al2O3 content
of orthopyroxene porphyroclasts are overlapped with higher
and lower ranges of plagioclase-free CIR abyssal peridotites
(Hellebrand et al. 2002), respectively (Fig. 14.9). According
to these results, the granular peridotite samples collected
from the studied area are residue left after moderate to
high degrees of partial melting (13–15 % in the majority
and up to 17 % based on the method of Hellebrand et al.
(2001)). It should be realized that this study, coupled with
previous results, confirms a wide exposure of relatively
depleted peridotites on the ocean floor in the studied region.
Niu and He´kinian (1997) reported a correlation between
ridge spreading rate and the degree of partialmelting in abyssal
peridotites, i.e., the idea that the extent of mantle melting
beneath normal ocean ridges increases with increasing spread-
ing rate. The studied peridotites are plotted between those from
fast-spreading ridges and slow-spreading ridges except for hot-
spot related areas (Fig. 14.9). In this context, the moderate to
high degree of partialmelting of the studied peridotites appears
to be consistent with those expected for an “intermediate”-
spreading ridge. In particular, the higher compositional range
of the Cr# of spinels in peridotites recovered from the southern
end of the CIR is also likely consistent with the increase of the
spreading rate toward the south along the CIR. Moderately to
highly depletedmelt components in the studied peridotites can
be explained as being residue after a relatively high-melt
productivity period in intermediate-spreading ridges.
We also discuss several models for the origin of depleted
peridotites in the studied area because peridotites with
depleted signatures in melt components were recently
reported from oceanic core complexes where fertile
peridotites are expected to be recovered (Seyler et al. 2007;
Tamura et al. 2008; Dick et al. 2010) (Fig. 14.9). Depleted
peridotites were also already recovered from other ultraslow
to slow-spreading ridges without a hot spot effect (Bonatti
et al. 1992, 2003; Seyler et al. 2003; Brunelli et al. 2006;
Morishita et al. 2007; Godard et al. 2008). These studies
indicate that large variations in the melting degree of mid-
ocean ridge peridotites are probably not simply related to the
spreading rate. Several models can be applied for the occur-
rence of the depleted peridotites even where the degree of
partial melting is expected to be low: (i) relics of older
partial melting (Seyler et al. 2003, 2007; Liu et al. 2008),
(ii) variations of equilibration temperatures probably related
to variations of advection velocity below the ridge (Bonatti
et al. 2003), and (iii) residue related to the latest melting
events, i.e., the present mid-ocean ridge spreading
(Morishita et al. 2007). We cannot examine the second
case (ii) based on our samples because further samplings in
space and time along the CIR are required.
In the last case (iii), we assume that the depleted rocks
appear to be very locally formed along main melt conduits.
Morishita et al. (2007) described petrological characteristics
of a dunite from the ultraslow-spreading Southwest Indian
Ridge where fertile clinopyroxene-rich lherzolite is domi-
nant lithology, and reported a relatively depleted sample
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(enstatite-poor harzburgite) restrictedly associated with the
dunite. Since dunite and depleted peridotite, once formed
beneath active ridges, are expected to be later flattened by
mantle flow perpendicular to the ridge direction, the upper-
most section of oceanic mantle should be more abundant in
depleted peridotite than deeper mantle sections. The thick-
ness of residues after relatively high-degree partial melting
in the uppermost mantle sequences are expected to be thin-
ner in the slow spreading ridges than in the fast-spreading
ridges because the magmatism is more active beneath the
fast-spreading ridges than the slow-spreading ridges. In this
case, we need additional mechanisms to explain why
depleted peridotites are selectively but widely exposed in
the studied area.
The ancient melting model (i) can be favored over other
model as an explanation for a wide exposure of
serpentinized peridotite in the studied area. In this case,
depleted peridotites formed as residue, after an ancient par-
tial melting event or evenets, should be survived and would
be incorporated beneath a mid-ocean ridge center without
significant modifications. Less or no partial melting is
expected in the ancient depleted peridotite domain during
the upwelling beneath the spreading ridges, resulting in a
very limited amount of igneous crust formations at the
spreading center. Melts caused by the following partial
melting of relatively fertile peridotite beneath the ancient
depleted domain might be infiltrated into the upwelled
ancient depleted domain, resulting in the formation of gab-
broic networks/veins in peridotites. Continuous dragging of
the oceanic plate causes fracturing of the uppermost section
of the oceanic plate along the ocean ridge. Seawater would
have penetrated along the cracks and reacted with peridotites
to form serpentinites. Because serpetinized peridotites are
less dense than the surrounding host peridotites,
serpentinized peridotites can be locally exposed on the sea-
floor. Further studies on the melting ages of peridotites, such
as Os-isotopiec dating, are, however, required to make clear
whether or not ancient melting regions are the origin for the
studied peridotites.
14.6 Conclusions
We succeeded three submersible expeditions of the
SHINKAI 6500 and one dredge expedition of the Hakuho-
maru in the south end of the intermediate-spreading Central
Indian Ridge, where the Kairei hydrothermal filed is located.
Peridotites and their-related gabbroic rocks were widely
recovered from the studied region. Here we summarize
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Fig. 14.9 Correlations between Al2O3 content (wt.%) in
orthopyroxene porphyroclasts and Cr# in spinels. Data of the South-
west Indian Ridge (SWIR) are from Atlantis II Fracture Zone of Dick
(Dick 1989) and Seyler et al. (2003). The Central Indian Ridge (CIR)
are from Hellebrand et al. (2002), Morishita et al. (2009). The Mid-
Atlantic Ridge (MAR) are as follows: Atlantis Massif (Oceanic core
complex: OCC) are from Seyler et al. (2007) and Tamura et al. (2008),
Romanche fracture zone (FZ) are from Bonatti et al. (1993), Fifteen-
Twenty FZ are from Godard et al. (2008), and Kane megamullion
(oceanic core complex) are from Dick et al. (2010). The Garret and
Hess Deep of East Pacific Rise (EPR) are from Constantin (1999) and
Dick and Natland (Dick and Natland 1996), respectively. The Izu-
Bonin-Mariana (IBM) forearc are from Parkinson and Pearce (1998)
and Zanetti et al. (2006)
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and related gabbros from the oceanic core complex at a
latitude of 25 South (25S OCC) and the Yokoniwa Rise
around the Kairei hydrothermal field.
Gabbros from the 25S OCC are olivine gabbro, gabbro,
gabbronorite (granular orthopyroxene-bearing gabbro) and
oxide gabbro. The petrological characteristics of the gabbros
are similar to those described from the ultraslow-spreading
ocean ridges. The gabbros in the 25S OCC were probably
formed while the magmatic activity was low.
The peridotites are classified into two types: a granular
peridotite and a highly deformed type of rock. The latter was
recovered from the top surface of the 25S OCC.
Petrological characteristics of granular peridotites
(clinopyroxene-bearing harzburgite to lherzolite) are basi-
cally the same between the 25S OCC and the Yokoniwa
Rise. Several samples were intruded by leucocratic veins.
Plagioclase, now completely altered, was observed in sev-
eral samples with thick leucocratic veins. The primary
features of peridotites are residue left after moderate to
high degrees of partial melting (13–15 % in the majority
and up to 17 %). The partial melting of these peridotites is
followed by chemical modification through interaction with
a wide range of melts from relatively less evolved to highly
evolved characteristics. The differences in chemical
compositions of the infiltrated melts in the peridotites were
probably formed as an in-situ fractionation from a MORB-
type melt during the ascent in the mantle. Two models for
the origin of depleted peridotites in the studied area: (1)
residue related to the latest melting events of the present
mid-ocean ridge spreading, and (2) residue related to an
ancient partial melting event or evenets. In the case (1), the
studied peridotites are residue after a relatively high-melt
productivity period in intermediate-spreading ridges. In the
case (2), the studied peridotites are a geochemically distinc-
tive domain that has suffered from partial melting in the past.
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